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Having previously associated metabolic oscillations with
cell locomotion,wehypothesizedthatpatientswithabnor-
malities in neutrophil trafficking may display aberrant
intracellular oscillations. A pyoderma gangrenosum
patient exhibiting aberrant leukocyte trafficking in vivo
and skin ulceration without infection was identified. This
patient’s neutrophils constitutively overexpressed and
clustered the leukocyte integrins CR3 and CR4 and failed
to display appropriate integrin-to-GPI receptor inter-
actions. Increased levels of tyrosine phosphorylation were
observed. NAD(P)H oscillations, which are sinusoidal in
normals, were chaotic with multiple frequency compon-
Pyoderma gangrenosum is an uncommon, destructive, andpoorly understood skin disease. It is characterized by sterileand rapidly enlarging skin ulcers. Although it can beobserved in all age groups, it is rare in children and infants.At least one pediatric form of pyoderma gangrenosum may
be inherited as an apparent autosomal recessive trait (Alrimawi et al,
1996). Pyoderma gangrenosum is generally managed using high doses
of immunosuppressives, particularly corticosteroids. Neutrophil dis-
functions have been previously associated with this disorder (Hickman,
1983; Malech and Gallin, 1987; Teitel, 1996); however, the cell
biologic defects associated with this heterogeneous disease are unknown.
Neutrophil activation and trafficking participate in inflammatory
responses including host defense against infectious agents, septic shock,
immune complex disorders such as rheumatoid arthritis and glomerulo-
nephritis, and ischemia-reperfusion injury such as myocardial infarction
and stroke (Malech and Gallin, 1987). Cell activation is initiated by
the interaction of ligands (e.g., chemotactic factors and immune
complexes) with cell surface receptors, which leads to effector functions
such as chemotaxis, phagocytosis, cytolysis, and the release of reactive
oxygen metabolites and hydrolytic enzymes (Stossel, 1974; Miller,
1975; Babior, 1978; Klebanoff, 1980; Francis et al, 1988). Several early
events in signal transduction that link receptor binding with cell
activation have been identified. These include rapid changes in tyrosine
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ents in this patient’s neutrophils. Normal cell shape and
sinusoidal NAD(P)H oscillations were restored by provid-
ing a pulsed electric field to drive metabolic oscillations
and by temperature reduction. N-acetyl-D-glucosamine
disrupted CR3 clusters and sinusoidal NAD(P)H oscilla-
tions returned. Anecdotal reports suggest that local hypo-
thermia is clinically useful for this patient. These data
define thefirstmetabolic oscillation-associateddisease and
suggest that pyoderma gangrenosum can be classified as a
dynamicaldisease at thecellular level.Key words: biochemical
oscillations/cell motility/integrins/neutrophils/pyoderma gang-
renosum. J Invest Dermatol 111:259–268, 1998
phosphorylation of mitogen-associated protein kinases, activation of
phosphatidyl inositol-specific phospholipase C, a rise in intracellular
calcium, and translocation of several protein kinases to cytoskeletal
elements (Prentzki et al, 1984; Smith et al, 1985; Kikkawa and
Nishizuka, 1986; Torres et al, 1993). Recent studies from this laboratory
have indicated that certain membrane receptor properties and the signal
transduction apparatus temporally oscillate during cell migration, and
that these oscillations are in turn coupled to metabolic oscillations
(Kindzelskii et al, 1997). Furthermore, these metabolic oscillations can
be traced to actin assembly, the release of reactive oxygen metabolites,
and proteolytic enzyme action on the extracellular matrix (Petty and
Kindzelskii, 1996; Kindzelskii et al, 1998). Thus, a broad range of
neutrophil properties and functions exhibit temporal coherence and
defined phase relationships. Previous studies have shown that the
frequency and amplitude characteristics of these oscillations vary with
drug and ligand exposure (Kindzelskii et al, 1997). In this study
we have examined metabolic, signaling, and receptor properties of
peripheral blood neutrophils from a girl (KN) with infantile onset
recurrent pyoderma gangrenosum, whose cells express features of an
activated phenotype and aberrant trafficking in vivo. This patient’s
disorder has been traced to chaotic metabolic oscillations. By studying
this disease process and its physical perturbation, it may become possible
to understand and better manage neutrophil activation and migration
in its many clinical settings, including pyoderma gangrenosum.
MATERIALS AND METHODS
Case report KN is a 15 y old Caucasian girl of nonconsanguinous parentage.
Since early infancy she has had recurrent sterile abscesses, primarily on her
lower extremities and occuring either spontaneously or following minor trauma.
Minor lesions healed spontaneously; more severe lesions grew to 8–10 cm in
diameter, sometimes accompanied by fever, ulceration, and drainage (Fig 1).
All cultures were negative. KN was noted to rapidly heal wounds, once
inflammation was controlled. Lesions healed with scarring, but did not require
skin grafts.
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The more severe lesions, occurring 3–4 times a year, were treated with
brief courses of corticosteroids. Corticosteroids were sufficient to control her
symptoms until age 13, when she developed large bilateral thigh lesions, fever,
vomiting, and myalgia. The prior corticosteroid dosage was found to be
ineffective. Due to the risk of infection, steroid treatment was discontinued.
Despite high-dose broad spectrum IV antibiotics, she became hypotensive,
tachypneic, and acidotic (pH 7.24); she was admitted to the intensive care unit.
Multiple cultures (blood, urine, bronchial washings, as well as from the lesions)
were all sterile. She responded to high-dose intravenous corticosteriod therapy.
Following this episode, she was unable to be withdrawn from high corticosteroid
doses (µ1 mg per kg per d prednisone per os) without developing new lesions
accompanied by fever, myalgia, vomiting, hypotension, and bilateral edema of
her legs. Blotchy erythema of her extremities was nearly always present (Fig 1).
Admission to the intensive care unit was needed on several occasions. After 4
mo, vitamin E 400 IU q.d. and colchicine 0.6 mg b.i.d. were begun.
The erythematous rash then subsided and maintanence steriod therapy was
discontinued. Re-occurrences of skin lesions have been managed with transient
increases in vitamin E dose or with brief courses of corticosteroids. She has
been admitted once overnight for intravenous steroids when a lesion developed
on her tongue. Local hypothermia on her limbs has been useful in managing
lesion formation.
Reagents A recombinant antiphosphotyrosine antibody (RC20) conjugated
with peroxidase (Transduction Laboratories, Lexington, KY) was used for
western blot analysis. Formyl-methionyl-leucyl-phenylalanine (FMLP), sodium
orthovanadate, aprotinin, leupeptin, diisopropyl fluorophosphate, and phenyl-
methylsulfonyl fluoride were purchased from Sigma (St. Louis, MO).
Preparation of neutrophils Human neutrophils were purified from the
peripheral blood of normal donors (American Red Cross, Detroit, MI), control
pediatric patients undergoing treatment with similar steroid doses, or patient
KN. All procedures were approved by the Internal Review Board and with
informed consent from participants. Heparinized whole blood was subjected to
Histopaque (Sigma) step-density gradient centrifugation (Cao et al, 1995). The
remaining red blood cells were depleted by hypotonic lysis. The cell preparation
was µ95% neutrophils. The purified neutrophils were typically 95% viable, as
assessed by trypan blue exclusion. For sodium dodecyl sulfate-polyacrylamide
gel electrophoresis analyses, neutrophils were treated with 5 mM diisopropyl-
fluorophosphate (DFP) as described by Amrein and Stossel (1980) prior to
treatment with FMLP.
Preparation of cell extracts for electrophoresis Neutrophils from normals,
KN, and pediatric controls (2.5 3 107 per ml in 0.2 ml of HBSS) were warmed
to 37°C in a water bath for 5 min before addition of FMLP. After the incubation
for 1 min with FMLP (10–7 M), the cells were quickly spun, suspended in
protective buffer containing 2 mM phenylmethylsulfonyl fluoride, 2 mM DFP,
10 mM ethylenediamine tetraacetic acid, 4 mM sodium orthovanadate, 100 mM
sodium fluoride, 10 µg leupeptin per ml, 10 µg aprotinin/ml, and 10 µg
pepstatin per ml in 50 mM Tris-HCl, 75 mM NaCl, pH 7.5, and an identical
volume of 23Laemmli sample buffer was immediately added. The samples
were then boiled for 15 min, cooled to room temperature, and kept frozen
until analyzed by electrophoresis and western blotting.
Electrophoresis and western blotting Cellular extracts were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis as described
(Laemmli, 1970). After the separation with 10% gels, the gels were washed and
equilibrated in transfer buffer for 15 min and then electrotransferred to a PVDF
(polyvinyliden difluoride; BioRad, Hercules, CA) membrane. Immunoblotting
of the membrane was performed after blocking of the nonspecific binding by
incubation with 1% bovine serum albumin and 0.05% Tween 20 in Tris-
buffered saline, pH 7.5. All samples were handled in an identical manner. The
supernate from 2.5 3 106 cells in 25 µl of solution were separately added to
each lane of the gel. Protein loading was reconfirmed by staining the actin
band. Detection of phosphotyrosine-containing bands was performed using a
peroxidase labeled antiphosphotyrosine recombinant antibody (RC20) and a
nonisotopic chemiluminescent system (ECL, Amersham, Arlington Heights,
IL). Original gels were scanned for line profile analysis by computer.
Phosphotyrosine immunofluorescence labeling Cells were fixed with
3.7% paraformaldehyde in phosphate-buffered saline for 10 min at 4°C
and followed by washing with phosphate-buffered saline. The cells were
permeabilized with ice-cold methanol to stain intracellular protein. Cells were
then incubated in 1% bovine serum albumin in phosphate-buffered saline to
block nonspecific binding sites. After blocking, biotin-conjugated antiphospho-
tyrosine monoclonal antibody (4G10) (Upstate Biotechnology, Buffalo, NY)
was added and reacted for 1 h at room temperature. The cells were washed
with phosphate-buffered saline, and then incubated with FITC-conjugated
Figure 1. Pyoderma gangrenosum of patient KN, illustrating the
heterogeneity and severity of this patient’s disease over her lifetime.
(A) Extensive erythema and induration with undermined ulcers at 20 mo of
age. (B) Erythematous rash that was intermittantly observed following intensive
care unit admissions (KN was 13 y of age). (C) A typical preulcerative
erythematous nodule at 5 y of age; if untreated, this nodule would progress to
the appearance of that shown in (D). (D) An example of extensive ulceration
of a nodule at 13 y of age.
streptavidin for 1 h at room temperature. After the incubation the cells were
washed thoroughly and then observed by optical microscopy.
Labeling for fluorescence microscopy Cells were labeled with the reagent
tetramethylrhodamine, methyl ester, perchlorate (TRME; Molecular Probes,
Eugene, OR) at 10 µg per ml, as described (Liang and Petty, 1992). TRME
labels the cytosol of neutrophils. A rhodamine filter set was employed to
collect images.
Mouse monoclonal antibodies to CR3 (anti-Mo1, clone 44), the urokinase-
type plasminogen activator receptor (clone 3B10), CR4, and FcγRIIIB were
obtained as previously described (Zhou et al, 1993; Kindzelskii et al, 1997). All
experiments used Fab or F(ab9)2 fragments of antibodies. Antibody fragments
were conjugated with fluorescein or rhodamine as described (Kindzelskii
et al, 1997).
NAD(P)H fluorescence The autofluorescence emission of NAD(P)H was
detected as previously described using excitation at 365/20 nm, a 405 nm long-
pass dichroic mirror, and emission at 405/35 nm (Kindzelskii et al, 1997).
Previous studies have shown that NAD(P)H autofluorescence is linear within
the cellularly relevant concentration range (Liang and Petty, 1992).
Fluorescence microscopy Optical microscopy of labeled cells was carried
out using a Zeiss axiovert microscope (Carl Zeiss, New York, NY) attached to
a Perceptics (Knoxville, TN) image processing system. A Zeiss temperature
stage was used to adjust sample temperature. The optical filters and data handling
were as previously described for DIC and epifluorescence microscopy (Zhou
et al, 1993). Fluorescence images were collected using an intensified charge-
coupled device camera (Hamamatsu model XC-77). RET microscopy was
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Figure 2. Deficient shape changes during chemokinetic responses of neutrophils from patient KN. DIC (a, c, e) and fluorescence (b, d) micrographs.
Time increases from left to right. Cells were obtained from controls and patient KN in an identical manner. After isolation, normal neutrophils were labeled with
TRME, whereas cells from patient KN were unlabeled. To illustrate the shape change deficiency of KN’s cells, her cells were mixed with normal cells at a 1:1
ratio and then 10–8 M FMLP was added. In comparing these successive panels, it is easy to see that the normal cells (fluorescent) are undergoing constant shape
change and movement, whereas cells from patient KN do not. Scale bar, 20 µm.
performed as described (Kindzelskii et al, 1997). Quantitative microscopy
experiments were performed using a Hamamatsu photomultiplier tube
(Bridgewater, NJ) held in a Products for Research (Danvers, MA) housing.
The output was amplified then analyzed by a photon counter (PRA, London,
Ont.) or computer.
Spectral analysis of oscillations To quantitatively determine the frequencies,
associated with normal and clinical samples of neutrophils, amplitude spectra
(formally, the moduli of amplitude spectra) of the NAD(P)H autofluorescence
intensity oscillations were obtained under the various conditions described
above. Raw data were collected in real time (list mode fashion) and then
subsequently analyzed by computer. The spectra were obtained using a
Macintosh 9600 computer, a Maclab system with software, and a custom-built
amplifier (A-D Instruments, Milford, MA). Fast Fourier transforms were
calculated using Spectrum software and a minimum of 4096 data points. Spectra
were normalized in intensity and displayed on a linear 50 Hz scale.
RESULTS
We have previously demonstrated that migrating neutrophils exhibit
rapid metabolic oscillations and an oscillatory signaling machinery
(Kindzelskii et al, 1997) that is associated with cell locomotion and
reactive oxygen metabolite release (Kindzelskii et al, 1997, 1998).
Therefore, we now test the hypothesis that clinical abnormalities in
neutrophil trafficking of unknown etiology can be traced to dynamical
properties of the metabolic/signaling apparatus.
Clinical laboratory findings Routine clinical tests were performed
on this patient. KN’s leukocytes showed aberrant migration in vivo
using skin window assays with neutrophils predominating (80–100%)
throughout the 48 h observation period. In contrast, normal individuals
show mononuclear cell infiltration and reduced neutrophil counts by
µ8–12 h. (Rebuck and Crowley, 1955). Flow cytometric analysis
indicated that the adhesion molecules CD11a, CD11b, CD11c, CD18,
and CD54 were expressed on peripheral blood leukocytes with β2
integrins expressed at 5–10-fold higher levels on KN’s peripheral blood
leukocytes than that of normal cells (data not shown). Reduction of
intracellular CR3 was also noted (data not shown). NBT reduction
assays generally indicated significant levels of constitutive oxidant
production in peripheral blood leukocytes.
In vitro analysis of neutrophil properties
Cell spreading and polarization During routine in vitro analyses of KN’s
neutrophils, we noticed that her cells did not assume normal in vitro
morphology. To provide a compelling illustration of this defect,
we simultaneously evaluated normal and KN’s neutrophils. Normal
neutrophils were labeled with the cytoplasmic fluorescent label TRME,
as described above. KN’s neutrophils were not labeled to insure that
her cells were not perturbed by the fluorochrome. The washed cell
samples were mixed together at a 1:1 ratio. FMLP was added at 10–8
M to stimulate shape changes followed by microscopic observations at
37°C. When observed by DIC microscopy, about one-half of the
cells polarized and/or underwent shape changes (Fig 2). The cells
undergoing shape changes were all from a healthy control, as shown
by the fluorescent tag. Thus, KN’s neutrophils do not undergo
appropriate morphologic changes in response to FMLP. By combining
the control and patient samples prior to microscopic evaluation,
differences in local temperature, gradients of FMLP, or differences in
photographic processing cannot explain the differences in cell shape.
These differences were apparently not due to a serum factor because
heat-inactivated serum from the patient, when incubated with normal
neutrophils, did not affect their morphology (data not shown). Further-
more, the motility of normal cells was the same with or without
TRME, and KN’s cells could be labeled with TRME without
stimulating their motility (data not shown). Thus, these pyoderma
gangrenosum neutrophils display aberrant shapes during in vitro chemok-
inesis.
At 37°C, KN’s neutrophils are largely spherical with variable
protrusions (Fig 3A); however, we observed that her cells spread better
as the temperature was lowered from 37°C to room temperature. This
is rather unusual behavior, because normal neutrophils spread better at
37°C in comparison with lower temperatures. This temperature-
dependent phenotype indicates that the cells are viable and, moreover,
have the potential to become highly active. Thus, the abormal shape
properties of these cells can be diminished by reducing the temperature.
Tyrosine phosphorylation To ascertain if signal transduction was altered
in KN’s neutrophils, cell lysates were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and western blotting using
recombinant antiphosphotyrosine antibody. Neutrophils were obtained
from (i) healthy donors, (ii) age-matched unrelated patients undergoing
steroid treatment, and (iii) patient KN. During resting conditions,
several quantitative and qualitative changes can be noted (Fig 4, lanes
1–3). In particular, electrophoretic analyses of neutrophils from patients
undergoing steroid treatment were very similar to normal healthy
controls; however, in the case of patient KN, a general increase in
protein phosphorylation was observed. Computer analysis indicated
that most of the bands in lane 3 were increased 2-fold in intensity relative
to lane 1. Furthermore, a qualitative change in KN’s phosphotyrosine-
containing neutrophil proteins is found at 21 kDa (lane 3) in comparison
with controls (lane 1). Bands phosphorylated to 6-fold or greater
relative to controls are in the regions of 21 and 35 kDa. To compare
in vitro and in vivo activation, cells were treated with 10–7 M FMLP
for 1 min (Fig 4, lanes 4–6). KN’s neutrophils were hardly affected by
the addition of FMLP (lane 6). In contrast, the normal and steroid-
treated controls showed a significant increase of phosphotyrosine bands;
e.g., the 21 kDa protein is more apparent under these conditions.
Thus, the phosphotyrosine pattern from KN’s cells is not simply due
to treatment with steriods, but reflects a property of her neutrophils.
To determine the intracellular distribution of tyrosine phosphorylated
proteins, neutrophils were evaluated by immunofluorescence micro-
scopy. Samples were incubated with biotinylated antiphosphotyrosine
monoclonal antibodies followed by staining with fluorescein-conjug-
ated streptavidin. Normal neutrophils showed faint or no phosphotyros-
ine staining (Fig 5A, B). As a positive control experiment, normal
neutrophils were pretreated with pervanadate, a membrane-permeable
tyrosine phosphatase inhibitor as reported by Bennett et al (1993),
prior to staining. As expected, pervanadate treatment resulted in
increased phosphotyrosine staining of normal neutrophils (data not
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Figure 3. Temperture dependence of cell
spreading for neutrophils from patient
KN. KN’s neutrophils were placed on a
microscope slide held at 37°C. Cells did not
undergo normal cell shape changes, as noted
above; however, as the stage temperature was
lowered, the spreading of KN’s neutrophils
increased. The same field of cells is shown in
all micrographs (A, 37°C; B, 31°C; C, 28°C;
D, 24°C). Scale bar, 20 µm.
Figure 4. Western blot analysis of tyrosine phosphorylated proteins of
neutrophils. Experiments were conducted in the absence (lanes 1–3) and
presence (lanes 4–6) of FMLP. Cells were obtained from normals (lanes 1, 4),
age- and drug-matched control patients (lanes 2, 5), and patient KN (lane 3,
6). Quantitative and qualitative changes can be seen (n 5 4).
shown). Furthermore, activation of normal neutrophils with 10–7 M
FMLP increased phosphotyrosine staining (Fig 5C, D). In contrast,
KN’s cells showed strong staining with the antibody during both
resting (Fig 5E, F) and FMLP-activated (Fig 5G, H) conditions,
consistent with the general increase in protein tyrosine phosphorylation
noted above. The intensity of staining of KN’s neutrophils was similar
to that of pervanadate-treated normal neutrophils. The phosphotyrosine
staining of both FMLP-activated normal neutrophils and KN’s neutro-
phils showed high levels of intracellular fluorescence. The clusters of
phosphotyrosine-containing proteins may represent structures partici-
pating in signal transduction.
In previous studies we have shown that NADG (N-acetyl-D-
glucosamine), a hapten sugar for CR3’s lectin-like site (Ross et al,
1985; Thornton et al, 1996) depresses CR3-mediated signaling and
oxidant production (Sehgal et al, 1993), exodomain interactions of
CR3 with GPI-linked receptors (Zhou et al, 1993; Xue et al, 1994;
Petty and Todd, 1996), neutrophil chemotaxis (Gyetko et al, 1995),
and cell shape/spreading (Zhou et al, 1993). Therefore, we next sought
to test the hypothesis that agents known to affect CR3 and/or cell
shape, including NADG and temperature, also affect phosphotyrosine
levels. Figure 5(I–P) show neutrophils from patient KN exposed to
various conditions. Temperature reduction (Fig 5I, J) and NADG
exposure (Fig 5M, N) both quantitatively reduced the level of
phosphotyrosine staining in KN’s cells; however, addition of FMLP to
KN’s neutrophils at reduced temperature (Fig 5K, L) or in the presence
of NADG led to increased levels of phosphotyrosine staining. This
indicates that these perturbations did not nonspecifically block the
signal transduction apparatus. Thus, factors affecting cellular properties
also affect the signal transduction apparatus.
Leukocyte integrin clustering and exodomain interactions Because leukocyte
integrins are known to play key roles in spreading, adherence, and
migration (Springer, 1990), we next sought to determine if qualitative
changes in integrin expression were also involved. We therefore studied
the membrane distribution of CR3 and CR4. Figure 6 shows
fluorescence micrographs of labeled normal cells and KN’s neutrophils
under several sets of conditions. CR3 and CR4 were found to be
constitutively clustered on KN’s cells at 37°C (Fig 6B, D), but not
on normals (Fig 6A, C). Because the cell surface distribution of
leukocyte integrins was aberrant on KN’s neutrophils, we sought
to determine if leukocyte integrin-to-pro-inflammatory GPI-linked
receptor interactions were also affected (Petty and Todd, 1996). Using
RET to assess interreceptor proximity, we found that CR3-to-uPAR
and CR3-to-FcγRIIIB proximity were dramatically reduced on KN’s
neutrophils in comparison with normals, but not on cells from drug-
matched pediatric control patients or normal adults (Table I). In
contrast, CR3-to-CR3 proximity was dramatically increased (Table I).
This result was expected due to the extent of CR3 clustering; it also
serves as a positive control. No oscillations in CR4-uPAR proximity
could be observed using kinetic evaluation of quantitative fluorescence
emission (data not shown). Thus, multiple receptor properties are also
affected in this patient’s neutrophils.
A metabolic oscillation-associated disease state
Metabolic oscillations Using previously established methodology (Liang
and Petty, 1992), we kinetically studied NAD(P)H autofluorescence
of neutrophils from patient KN. Previous studies (Kindzelskii et al,
1997, 1998; Petty and Kindzelskii, 1997) have shown that neutrophils
from healthy individuals exhibit sinusoidal metabolic oscillations of
2.5 min and, during locomotion, an additional 10 or 20 s oscillation. In
contrast, neutrophils from patient KN showed chaotic autofluorescence
levels on cells actively forming blebs (Figs 7a, 8a, 9a). Thus, cells
from this pyoderma gangrenosum patient exhibit aberrant metabolic
oscillations. In contrast, chaotic metabolic oscillations could not be
induced in normal cells under all conditions tested, such as exposure
to lipopolysaccharide and heat-inactivated serum (data not shown),
immune complexes (Petty et al, 1996), and various mediators and drugs
(Kindzelskii et al, 1997); however, four other pediatric rheumatology
patients, two of which were undergoing similar drug treatment, did
display sinusoidal metabolic oscillations. The pleiomorphic appearance
of KN’s neutrophils at 37°C is illustrated in Figs 2, 3, and 10. Thus,
chaotic metabolic oscillations and aberrant cell shape are integral
features of this patient’s disorder.
Phenotype reversal Previous studies have shown that chemical (e.g.,
indomethicin and N-formyl-met-leu-phe, FMLP) and physical (electric
field exposure) perturbation of migrating neutrophils alters the fre-
quency and/or amplitude of sinusoidal metabolic oscillations (Kindzel-
skii et al, 1997, 1998; Petty and Kindzelskii, 1997). Therefore, on the
basis of this preceding work, we hypothesized that physical or chemical
perturbation of cells might correct the chaotic behavior of this patient’s
metabolic oscillations. Figure 7 shows a kinetic analysis of metabolic
oscillations in a neutrophil from patient KN. In this study, regular DC
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Figure 5. Representative photomicrographs of tyrosine phosporylated proteins of neutrophils. DIC (A, C, E, G, I, K, M, O) and fluorescence (B, D,
F, H, J, L, N, P) photomicrographs. Incubation of normal neutrophils with FMLP increased antiphosphotyrosine staining (C, D) in comparison with untreated
controls (A, B). In contrast, cells from patient KN showed intense antiphosphotyrosine staining under resting (E, F) and FMLP-activated (G, H) states. When
neutrophils from KN were placed at 33°C, the level of phosphotyrosine staining was reduced (I, J). This reduction in staining by lowered temperature was not a
nonspecific effect because addtion of FMLP at 33°C stimulated intense phosphotyrosine labeling (K, L). Addition of NADG reduced phosphotyrosine labeling at
37°C (M, N) but did not affect the ability of FMLP to trigger enhanced phosphotyrosine labeling (O, P). These results were replicated on seven separate occasions.
Scale bar, 10 µm.
electrical pulses (2 V per m, 20 ms) were applied to cells (arrows) near
troughs in NAD(P)H autofluorescence (Petty and Kindzelskii, 1997).
As these data show, sinusoidal waveshapes can be induced in neutrophils
from patient KN due to application of an external phase-matched
electric field. In addition to restoring normal sinosoidal metabolic
oscillations, an apparently normal cell shape also returns (Fig 10B).
Concomitantly, CR3 clusters accumulate at the neutrophil’s uropod,
as previously noted for normal neutrophils during locomotion (Francis
et al, 1989; Kindzelskii et al, 1996). Figure 6(E, F) shows the CR3
distribution before and immediately after exposure to a phase-matched
electric field. After pulsed electric field stimulation was terminated,
normal oscillations persisted for roughly 3 min. Thus, the cadence of
an external driving force can restore a normal phenotype to diseased
human cells. This also confirms our previous work on electric field-
cell coupling (Petty and Kindzelskii, 1997) from a clinical perspective.
We next tested the possibility that temperature reduction, which
affects cell spreading and integrin clustering, could affect metabolic
oscillations. Figure 8 shows oscilloscope recordings of NAD(P)H
oscillations of a representative cell from 37°C to 27°C. As these data
illustrate, the chaotic oscillations at 37°C are transformed into sinusoidal
oscillations at 33°C. As the temperature is lowered below 33°C, the
oscillation’s period becomes somewhat longer (Fig 8, traces c–e). As
previously described for electric field exposure, temperature reduction
also leads to sinusoidal metabolic oscillations and normal cell morpho-
logy (Figs 3, 10C). Furthermore, temperature reduction decreases
CR3 clusters as illustrated in Fig 6(G, H). On the basis of these
findings, patient KN was treated with hypothermia on her limbs
apparently leading to clinical improvement as suggested by the time
interval between visits to the clinic and her mother (see Case Report).
Previous studies have shown that the metabolic, signaling, and
receptor properties are tightly coupled with one another in neutrophils
(Kindzelskii et al, 1997). Therefore, we hypothesized that NADG,
which causes normal neutrophils to become more quiescent, will alter
chaotic metabolic oscillations of KN’s neutrophils. Figure 9 shows a
representative kinetic analysis of metabolic oscillations from a neutrophil
from patient KN at 37°C. NADG at 10 mM was added (arrow in
Fig 9, trace a). Metabolic oscillations are initially chaotic, as mentioned
above; however, after 3–7 min at 37°C, the oscillations become
sinusoidal with a 20 s period for roughly 40–80 s (Fig 9, trace b). Cells
then adopt low amplitude sinusoidal oscillations with a period of about
2.5 min (Fig 9, trace c). These oscillations were then maintained for
the experiments’ durations. To determine if NADG addition resulted
in changes in CR3 clustering, as previously noted for temperature
reduction, KN’s neutrophils were examined after addition of NADG
to CR3-stained cells. CR3 clustering was dramatically reduced.
Figure 6(I, J) shows that same cell on a microscope slide before and
after addition of NADG. Thus, NADG can restore sinusoidal metabolic
oscillations and a uniform distribution of CR3 to KN’s neutrophils.
The kinetic data of Fig 9 illustrate the fact that multiple metabolic
frequency components contribute to the metabolic oscillations observed
in KN’s neutrophils. To provide additional insight into this issue and
the mechanism of phenotype reversal, we performed spectral analysis
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Figure 6. Surface distribution of CR4 (A, B) and CR3 (C–J) on
neutrophils. Representative fluorescence micrographs of unstimulated
neutrophils from normal individuals (A, C) and patient KN (B, D, E–J). CR4
and CR3 (A, C) are uniformly distributed on normal neutrophils but are
clumped or clustered on cells from KN (B, D). Parts (E–J) show the same cells
before and after various treatments. When a pulsed DC electric field is applied
to cells as described in Fig 7, cells polarize for locomotion with CR3 being
swept to the uropod (before, E; after, F) (for an additional example of CR3
redistribution on neutrophils see Kindzelskii et al, 1997). As the temperature is
reduced, the CR3 labeling pattern becomes more uniform (before, G; after,
H). Furthermore, addition of the hapten sugar NADG reduces CR3 clustering
(before, I; after, J). Experiments were repeated with similar results from two to
nine separate days with 20–50 cells analyzed on each day. Scale bar, 20 µm.
Figure 7. Quantitative kinetic studies of NAD(P)H oscillations in KN’s
neutrophils. Signal intensities (ordinate) are plotted versus time (abscissa). Each
part shows a series of traces for the same cell recorded under various conditions.
Effect of electric fields on metabolic oscillations in neutrophils from patient
KN. In the absence of external stimuli at 37°C, chaotic metabolic oscillations
are observed (trace a). In contrast, normal neutrophils exhibit sinusoidal
oscillations (Kindzelskii et al, 1997). Using a Pt electrode configuration (Petty
and Kindzelskii, 1997), we applied a 2 V per m 20 ms pulsed DC electric field.
The field was applied at NAD(P)H minima (arrows, traces b–d). A sinusoidal
oscillation becomes evident. When electric field application is terminated,
sinusoidal oscillations continue for roughly 3 min (traces d and e). Scale bar, 20 s.
Table I. Aberrant inter-receptor proximity relationships on
neutrophils from patient KN
RET levels (KCts per s)
Receptor labels Normala Patient controlb Patient KNc
CR3 CR3 199 6 8 177 6 9 385 6 19d
CR3 uPAR 199 6 7 201 6 6 60 6 8d
CR3 FcγRIIIB 128 6 6 133 6 8 85 6 14d
aSamples were obtained from 20 healthy individuals. Similar results have been obtained
in over 40 separate experiments, each consisting of quantitative measurements on 40–60 cells.
bThree drug-matched pediatric patients were tested on a total of seven occasions.
cThese experiments were replicated on blood samples from KN 16–20 times during
both episodes of active disease and periods with no skin lesions.
dThese differences are statistically significant (p , 0.01).
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Figure 8. Effect of temperature on metabolic oscillations in KN’s
neutrophils. Chaotic metabolic oscillations are observed at 37°C (trace a). As
the temperature is lowered, the oscillations become more regular and appear
sinusoidal at 33°C (trace c). As the temperature is decreased to 27°C, the
oscillations remain sinusoidal, but with an increased period (trace e). Scale bar, 20 s.
of the NAD(P)H autofluorescence emission. As expected, normal
polarized neutrophils display one prominent metabolic frequency at
about 0.1 Hz. The frequency spectrum of normal cells is not temper-
ature-dependent from 22°C to 37°C (Fig 11a–c). Neutrophils from
KN exhibit multiple metabolic oscillation frequencies (Fig 11d, f–j);
however, as temperature rises the spectrum develops additional fre-
quency components of increasing amplitude from 22°C to 41°C. After
exposure of KN’s cells to a pulsed electric field as described in Fig 7,
lower frequency oscillations grow in amplitude at the expense of higher
frequency components (Fig 11d, f). Thus, the applied electric field is
coordinating metabolic flux within these cells, presumably by the
mechanism we have previously proposed (Petty and Kindzelskii, 1997).
Normal migrating neutrophils show a frequency spectrum closely
resembling that of electric field-exposed neutrophils from KN. Thus,
in addition to the frequency components illustrated in Fig 9, there are
additional frequency components that contribute to the pathologic
phenotype and disappear upon acquisition of a normal phenotype.
DISCUSSION
The molecular and cellular bases of most chronic inflammatory states,
including pyoderma gangrenosum, are poorly understood. To our
knowledge, no molecular defects have been causally linked to chronic
inflammatory states. Identification of molecular defects requires know-
ledge of cellular deficiencies and appropriate assays to screen for
mutations. Recent studies have linked rapid (10–20 s) metabolic
oscillations of migrating neutrophils with signal transduction, integrin
states in plasma membranes, cellular sensitivity to applied electric fields,
and extracellular oscillations in pericellular proteolysis and oxidant
release (Kindzelskii et al, 1997, 1998; Petty and Kindzelskii, 1997). We
have now tested the hypothesis that certain chronic inflammatory states
might be traced to metabolic oscillations. A patient (KN) exhibiting
aberrant skin window results and a history of skin lesions was found
to possess neutrophils with chaotic metabolic oscillations. Therefore,
Figure 9. Effect of N-acetyl-D-glucosamine addition on metabolic
oscillations of neutrophils from patient KN. Previous studies have shown
that this saccharide disrupts certain exodomain interactions of leukocyte integrins
(Zhou et al, 1993; Xue et al, 1994). In the absence of exposure, metabolic
oscillations are chaotic (trace a). N-acetyl-D-glucosamine was added at the arrow
in trace a. As time passed, the oscillations became more regular and then
transformed briefly into a rapid sine wave (trace b), and then into a slow low
amplitude sine wave (traces b and c). In contrast to the behavior of KN’s
neutrophils, normal neutrophils exhibit only sinusoidal oscillations (Kindzelskii
et al, 1997). Scale bar, 20 s.
this form of pyoderma gangrenosum is associated with aberrations in
dynamic cellular oscillations, not necessarily to defects in protein
expression or static properties.
To test the clinical relevance of neutrophil oscillators, KN’s neutro-
phils were exposed to factors known to influence metabolic oscillations
of normal cells. Application of electric fields phase-matched with
metabolic oscillations triggers metabolic resonance and heightened
cell extension in normal neutrophils (Petty and Kindzelskii, 1997).
Therefore, we tested the ability of electric fields to affect KN’s
neutrophils. A regular pulsed electric field applied to KN’s neutrophils
transforms chaotic metabolic oscillations in cells of aberrant morphology
into normal ‘‘activated’’ sinusoidal metabolic oscillations within cells
of normal morphology. The normal phenotype persists for about 3
min after the field is terminated. We have proposed that the application
of a regular coherent external force potentiates the regular assembly of
microfilaments (Petty and Kindzelskii, 1997), thus mimicking normal
cell locomotion. ATP is thus drawn through the system in a temporally
coherent fashion. In the absence of an external clock, coordination of
metabolic oscillations, as indicated by the frequency spectra (Fig 11),
soon disappears. It is possible that the maintainance of high cytoplasmic
phosphorylation levels (Figs 4, 5) block rhythmic metabolite flux.
We observed that KN’s neutrophils return to a normal ‘‘activated’’
phenotype when exposed to lower temperatures. Sinusoidal oscillations
return at 33°C. It is possible that differences in the temperature
coefficients of the multiple metabolic oscillations (Fig 11) cause
NAD(P)H amplitudes to fortuitously sum into a sinuoidal oscillation
at 33°C. Were this the case, one might have expected that these
sinusoidal oscillations could be de-tuned by scanning other temper-
atures; this was not observed over the limited temperature range
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Figure 10. Morphology of KN’s
neutrophils in vitro. Differential interference
contrast images of KN’s neutrophils. The
same cells are shown before and after various
treatments. Sequential pairs of cells are the
same (A and B, C and D, E and F, G and H,
I and J, K and L, M and N, O and P, Q and
R, S and T, U and V, and W and X). In the
absence of exogenous factors, KN’s
neutrophils display a pleiomorphic appearance
with numerous bleb-like structures (A, C, E,
G, I, K, M, O, Q, S, U, and W); however,
after exposure to a pulsed DC electric field
as described in Fig 2(A), cells develop a more
normal triangular shape (B, D, F, and H).
Temperature reduction to 33°C also allows
cells to develop a polarized shape (J, L, M,
and P) (see also Fig 3). Addition of NADG
triggers a more normal morphologic
appearance (R, T, V, and X). Experiments
were replicated on seven to nine separate
occasions with 30–100 cells analyzed in each
trial. Scale bars: (A–V; in A) 15 µm; (W, X;
in X) 15 µm.
accessible to cellular studies. Alternatively, a component of the signaling/
metabolic apparatus could exhibit a temperature-dependent phenotype.
This would be consistent with the return of sinusoidal metabolic
oscillations and the unclustering of CR3. Our results suggest that local
hypothermia might be clinically useful in ameliorating KN’s disease;
anectodal reports confirm this expectation. Since birth, superficial
bruises often led to skin lesions, ruptures, and scarring on this patient
(Fig 1). Presumably, neutrophils are unable to traffic correctly after
pooling at local sites of capillary damage. Local hypothermia, then,
restores sinusoidal oscillations and, apparently, some in vivo migration.
Since metabolic oscillations of migrating neutrophils have been
associated with dynamic interactions between integrins and urokinase
receptors (Kindzelskii et al, 1997), we examined inter-receptor inter-
actions on neutrophils from this patient. CR3 and CR4 were constitu-
tively clustered on KN’s neutrophils. As expected, CR3-to-CR3
proximity was high. In contrast, CR3 proximity relationships with
both uPAR and FcγRIIIB were dramatically reduced in comparison
with normal cells. These changes were not found in pediatric patients
undergoing treatment with similar drugs. Thus, inter-receptor inter-
actions of this patient were defective. Although interactions of integrins
with other plasma membrane proteins is becoming well known (Petty
and Todd, 1996), this case is the first reported clinical deficiency
associated with this pathway.
We have previously shown that inter-receptor interactions of CR3
with uPAR or FcγRIIIB are disrupted by NADG (Zhou et al, 1993;
Xue et al, 1994). Therefore, we tested the possibility that exposure to
this reagent might affect integrin clustering and metabolic oscillations.
We found that NADG reduced or eliminated CR3 clustering and
transformed the chaotic metabolic oscillations of KN’s neutrophils into
sinusoidal oscillations with a period of 2.5 min, thus mimicking normal
resting cells. Inspection of Fig 8 shows the aberrant frequency
components dropping out of the oscillations over time during incuba-
tion with NADG. This supports the idea that receptor properties are
tightly coupled to the metabolism of neutrophils and suggests that
NADG or related compounds may be useful in rational drug devel-
opment.
Heightened tyrosine phosphorylation levels, which have been closely
linked with neutrophil activation (Berkow and Dodson, 1990; Nacca-
che et al, 1990; Huang et al, 1992; Agarwal et al, 1993; Fuortes et al,
1993; Ghazizadeh and Fleit, 1994), were observed in KN’s neutrophils
using both optical microscopy and western blotting after sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. Both methods reveal
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Figure 11. Frequency spectra of
metabolic oscillations in neutrophils
from healthy individuals (a–c) and patient
KN (d–j). The ordinate and abcissa are the
relative intensity (arbitrary units) and
frequency (Hz). Normal neutrophils display a
single low frequency oscillation at all
temperatures tested (a, 22°C; b, 25°C; c,
37°C). KN’s neutrophils display multiple
frequency components. (d) and (e) illustrate
the effect of an applied electric field on the
metabolic frequency spectra of KN’s
neutrophils at 35°C. Metabolic frequency
spectra of KN’s cells before (d) and
immediately after (e) electric field application
are shown. Note that higher frequencies
disappear after exposure to a phase-matched
electric field. The temperature dependence
of NAD(P)H oscillations of KN’s neutrophils
are shown in (f)–(j) (f, 22°C; g, 25°C; h,
27°C; i, 31°C; j, 41°C). Additional frequency
components appear as the temperature is
increased. These data illustrate the
coordination of metabolic oscillations, as
suggested by the data of Fig 9 (n 5 5).
a general increase in the level of cellular tyrosine phosphorylation; this
alteration may contribute to the functional changes observed. Moreover,
a 21 kDa protein is tyrosine phosphorylated upon FMLP addition to
normal cells and is constitutively phosphorylated in cells from patient
KN. A similar phosphoprotein has been observed after activation of
neutrophils under various conditions (Huang et al, 1992; Fialkow et al,
1993, 1994; Durden et al, 1994). Moreover, a tyrosine-phosphorylated
protein in the vicinity of 35 kDa was increased in intensity for KN’s
neutrophils beyond that expected for the general increase in band
intensity relative to controls. Although cellular phosphorylation is
enhanced, the addition of kinase inhibitors did not affect NAD(P)H
or receptor properties (data not shown); in contrast, receptor oscillations
were normalized for a similar patient (Shaya et al, 1998).
Pyoderma gangrenosum as a dynamical disease Glass and
Mackey (1988) have defined dynamical diseases as those characterized
by abnormal temporal properties. The aberrant NAD(P)H oscillations
of KN’s neutrophils meet this criterion. Furthermore, neutrophils from
patient KN also exhibit alterations in integrin clustering, inter-receptor
interactions, and transmembrane signaling. These aberrations are pheno-
menologically linked with the inability to undergo appropriate shape
changes in vitro and cellular trafficking in vivo. The molecular defect
could be at several levels within the cell. For example, a metabolic
enzyme deficiency could lead to chaotic metabolic oscillations and
inappropriate signaling and receptor properties. Alternatively, defective
leukocyte integrins could lead to exaggerated clustering and transmem-
brane signaling (Kolanus et al, 1993). Failure to rhythmically draw
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metabolites through the receptor/signaling apparatus could lead to
chaotic metabolic oscillations. A temperature-dependent mutation in
leukocyte integrins or their associated proteins is consistent with the
latter possibility. Also consistent with this interpretation is the observa-
tion that NADG, a hapten sugar for CR3’s lectin-like site (Zhou et al,
1993), distrupted CR3 clusters and returned metabolic oscillations to
a normal phenotype. In either case, the ability to define patients
with defects at various levels within the dynamic signaling/metabolic
apparatus may lead to a mechanistic map of the signaling apparatus.
We have previously suggested that leukocyte integrins undergo phase-
locked phosphorylation/dephosphorylation events, which contribute to
cellular coordination for locomotion (Kindzelskii et al, 1997). KN’s
neutrophils are apparently unable to cycle the transmembrane signaling
machinery (constant phosphorylation). We have suggested that meta-
bolic oscillations are the intracellular signal for cell migration and
that kinases and phosphatases represent the conduit through which
oscillatory signals pass (Kindzelskii et al, 1997; Petty, 1998). Our
findings with this pyoderma gangrenosum patient support this concept;
when oscillations are perturbed by temperature, electric fields, or
NADG to adopt a sinusoidal profile, normal cell morphology returns.
Thus, it appears that pyoderma gangrenosum can be categorized as a
dynamical disease and that rational treatment can be derived from
dynamical analyses. The inability of previous investigators to dissect
this disease state is likely due to its dynamical character. Further study
of pyoderma gangrenosum patients may improve patient care.
This work was supported by NIH grant AI/CA27409 and the Research Stimulation
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